Purpose: Magnetic resonance imaging (MRI) is the gold standard in visualizing brain tumors and their effects on adjacent structures. However, no reliable information concerning different tumor components and borders between perifocal edema and infiltration areas can be received. The aim of the study was to establish and evaluate a multimodal imaging concept, in order to differentiate different biological tumor components and to determine tumor borders. Materials and Methods: 12 patients with cerebral gliomas (four low and eight high grade) received a "morphological" MRI, a 3D MR spectroscopy and a T2* MR perfusion examination prior to surgery. Data was evaluated by defining different tumor components, which were entitled based upon their multimodal characteristics and histological data. Results: In high grade gliomas different components can be differentiated, which were described as: "true edema", "cellular proliferation", "vascular proliferation", "cellular infiltration", "tumor" and "necrosis". In low grade gliomas, four different tumor components were found: "true edema", "cellular infiltration", "cellular proliferation" and "tumor". Conclusion: With the applied multimodal imaging and a novel evaluation concept, it was possible to detect different tumor components, which could be helpful in detecting the optimal sites for tumor biopsy. Especially in morphological "edema appearing" sites, this knowledge could be important for the adaption of tumor resection borders and the planning of radiation therapy. Further studies with more patients and histological correlation are needed.
Introduction
Glioblastomas (GBM) are WHO grade IV gliomas and the most common and most aggressive primary brain tumors in adults with an incidence of 7 -8/100,000 per year [1] . The mean survival time of patients with GBM accounts for 9 -15 months without therapy [1] [2] . The incidence of low grade gliomas is less with 15% of all brain tumors. They exhibit an overall survival of ≥7 years [3] .
Magnetic resonance imaging (MRI) is accepted as the gold standard for morphological visualisation of brain tumors [4] , with which tumor size and its effects on the adjacent brain parenchyma can be evaluated. Contrast enhancement, necrosis and hemorrhage are indicators for a high tumor grade [5] . However, "morphological" MRI doesn't provide reliable information about biological tumor heterogeneity or the determination of borders between perifocal edema and tumor infiltration zones as they both present with T2 hyperintense changes [4] .
Proton based MR-spectroscopy (MRS) can detect different brain metabolites: N-acetyl-aspartate (NAA) is a marker for neuronal density [6] ; a drop in concentration is a sign for loss of neuronal tissue. Choline (Cho) is a marker for increased cellular proliferation and metabolism. An increase in Cho can be an indicator for increased tumor mitosis [7] [8] . Creatine (Cr) is a quite constant cellular component [9] ; thus, Cho/Cr ratio is a frequently used metabolic marker. A ratio of >1.6 is assumed as tumor suspect and a cut off value between low and high grade gliomas is defined at about >2.3 with an accuracy of 79.8% [10] . It has been shown that with MRS different metabolic characteristics within T2 hyperintense areas and within normal appearing areas can be distinguished suggesting tumor heterogeneity [11] .
Cerebral blood volume (CBV) is an indicator for tissue perfusion and vessel density [12] . In cerebral gliomas, an increased CBV is found [11] [13], a ratio >1.6 in comparison to the healthy hemisphere in the same region was determined as suspicious for tumor, a cut off value for high grade gliomas was defined at about 2.0 [13] . With the assumption of 2.91 as threshold value between low and high grade glioma, a sensitivity of 94.7 and a specificity of 93.75 were achieved for the differentiation between low and high grade gliomas [14] .
Methods
12 patients with cerebral gliomas were examined. Four had WHO Grade II, three Grade III and five Grade IV gliomas ( Table 1) . Tumor grade was ascertained by postoperative histological evaluation.
Written, informed consent was obtained prior to the scan and the study was accepted by the local ethics committee.
Preoperative MRI studies were performed with a 3 Tesla MRI scanner (Philips Medical Systems Nederland B.V.). The multimodal imaging concept included a "morphological" MRI study with an axial FLAIR sequence (Figure 1(a) ). For MRI analysis the images were transferred to a postprocessing workstation (Extended MR workspace, Philips Medical Systems Nederland B.V.) and evaluated with the software SpektroView (Philips Medical Systems Nederland B.V.) by use of residual water subtraction, apodization filtering and zero filling (Figure 1(b) ). From the perfusion series colour coded CBV maps were calculated with the software Neuro Perfusion (Philips Medical Systems Nederland B.V.) as shown in Figure 1(c) . Cho/Cr ratio, NAA-concentration and CBV were described as regional ratios in different tumor areas, in comparison to the healthy hemisphere (rCho/Cr, rNAA, rCBV).
Averages and standard deviations were calculated with the software Excel (Microsoft Office 2003). Two experienced neuroradiologists evaluated the data in consent concerning tumor heterogeneity by evaluating several regions of interest (ROIs) with the above mentioned methods in different morphological areas (solid appearing, edema appearing, contrast enhancing, necrotic appearing) concerning their qualities in the multimodal methods. With this method different groups within the tumors with different multimodal imaging characteristics were defined. During surgery some tissue samples were gathered according to imaging results and histological data was compared to the imaging results in some examples for low and high grade tumors by an experienced neuropathologist and a neuroradiologist with experience in neuropathology.
Results
Up to five areas per patient and overall 59 tumor areas were evaluable.
In low grade gliomas, four different tumor components could be described ( Table 2) : In FLAIR hyperintense, "edema appearing" sites areas with normal rNAA, normal Cho/Cr ratio and decreased rCBV (a), and areas with decreased rNAA, tumor suspect increased Cho/Cr ratio and decreased rCBV (b) were found. Two tumor components were seen both in FLAIR hyperintense, "edema appearing" and in FLAIR inhomogeneous "tumor appearing" sites of low grade gliomas: areas with decreased rNAA, slightly increased Cho/Cr ratio and rCBV (c); and areas with decreased rNAA, tumor suspect increased Cho/Cr ratio and rCBV (d). By a comparison between imaging results and some histological stains of two patients with different grade II astrocytomas these different tumor components were considered (Figure 2) . Within the high grade gliomas six different tumor components could be delineated ( Table 3) : In FLAIR hyperintense, "edema appearing" sites areas with decreased rNAA, decreased Cho/Cr ratio and decreased rCBV (a), areas with normal rNAA, slightly increased Cho/Cr ratio but decreased rCBV (b), areas with increased rNAA, normal Cho/Cr ratio but tumor suspect increased rCBV (c) and areas with decreased rNAA, slightly increased Cho/Cr ratio and a tumor suspect increase in rCBV (d) were found. In FLAIR inhomogeneous or contrast enhancing "tumor appearing" sites of high grade gliomas areas with decreased rNAA, tumor suspect Cho/Cr ratio and rCBV (e) and areas with decreased rNAA, a tumor suspect increase in Cho/Cr ratio and with decreased rCBV (f) were seen. As in the low grade, the imaging results for high grade tumours were compared with histological results in some samples of glioblastomas and the existing tumor heterogeneity was confirmed with our findings of tumor heterogeneity in gliomas (Figure 3) .
Discussion
The presented imaging and evaluation concept is able to indicate different tumor components in low and high grade gliomas.
In low grade gliomas, the areas "edema", "cellular infiltration", "cellular proliferation" and "tumor", in high grade gliomas, the areas "edema", "cellular infiltration", "vascular proliferation", "cellular proliferation", "tumor" and "necrosis" were defined ... Already in the early 1990s, MRS was described as a useful method for glioma imaging and differentiation to other processes [15] [16] by evaluating the metabolites Cho, Cr and NAA. In addition, it was shown that the metabolite lactate and lipids play a role in tumor grading [17] . MR-spectroscopy was shown to be able to distinguish gliomas from cerebral ischemia [18] or demyelinating lesions [19] , residual tumors from radiation necrosis [20] or high grade glioma from metastatic disease [21] . In addition, a significant difference of Cho/Cr ratios between low and high grade gliomas was described [22] [23] . In low grade gliomas, areas with both high Cho/ NAA-ratio and contrast enhancement are assumed to be predictive for a tumor relapse after radiation therapy [24] . In addition, MRS was described to estimate prognosis by identifying aggressive tumor growth components in low grade gliomas [25] or more proliferative areas in high grade gliomas [11] .
With rCBV measurement, it is possible to differentiate between low and high grade oligodendrogliomas [26] and gliomas [13] [27]- [29] , between different tumor entities or between tumor and inflammation [13] [30] [31] .
Furthermore, rCBV is used to differentiate between recurrent tumor and radionecrosis after radiation therapy [32] . Prior multimodal imaging approaches were already able to detect different tumor components: Di Costanzo et al. [11] described that low and high grade tumors edema, as well as edema and infiltration zone could be distinguished with a combination of MRS, perfusion weighted imaging (PWI) and diffusion weighted imaging (DWI). Furthermore perienhancing areas could be differentiated in "tumor" with high Cho/Cr ratio, low apparent diffusion coefficient (ADC) signal and high rCBV; "edema" with normal Cho/Cr ratio, high ADC signal and low rCBV; and "tumor/edema" with high Cho/Cr ratio and intermediate ADC signal and rCBV. In a multimodal study, comparing PWI and MRS areas with maximum increase of CBV were found to be different from the areas with maximum Cho/Cr ratio [33] , which underlines the present theory of differentiating "vascular proliferation" from "cellular infiltration or proliferation". In addition, there are approaches for evaluation of multimodal MRI concerning the estimation of the risk of malignant transformation [34] . With a multimodal combination of MRS, PWI and DWI, an increase in sensitivity and specifity for diagnosis and differentiation of low and high grade gliomas could be achieved [35] . With a combination of MRS and PWI, an increase in sensitivity and specifity to the differentiation between tumor and therapy associated changes [36] . A combination of morphological MRI, MRS and PWI increased sensitivity and specifity for the prediction of areas with anaplastic transformation in low grade gliomas [34] and a combination of MRS, PWI and DWI increased sensitivity and specifity for the differentiation of tumor heterogeneity [11] .
There are new promising approaches using other than the mentioned metabolites such as glycine or myoinositol for glioma grading [37] or using MRS as a method for evaluate therapy response imgliomas [38] - [40] . In addition, the inclusion of other than the mentioned methods, such as diffusion weighted imaging seems to be a useful tool in tumor grading [41] .
Limitations of the present study are that data have only proven by some histological data. Further studies with a larger amount of patients and localized, serial biopsies have to further prove the underlying histology of the described tumor components. Better knowledge of tumor heterogeneity can be an option to individualize further diagnostic and therapeutic procedures such as the determination of optimal biopsy areas, the adaption of resection borders or "dose painting" at radiation borders.
